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 The mechanism by which plagiogranite bodies form within the ocean crust remains 
enigmatic. Plagiogranites are anomalously high in their silica content relative to basalt, and their 
petrogenesis has been primarily attributed to either extreme (>90%) fractional crystallization of a 
basaltic melt (Haase et al., 2006) or to partial melting and assimilation of hydrated oceanic crust 
(Koepke et al., 2004). Neither mechanism, however, provides a consistent explanation for the 
compositional and isotopic variations that are observed among plagiogranites. Laboratory 
experiments show that temperature gradients can lead to compositional differentiation and 
pronounced stable isotope fractionation (Huang et al., 2009, Lacks et al., 2012) as a function of 
temperature difference alone with the cold end becoming silicic in composition and isotopically 
heavy. This process, thermal migration, whereby elements diffuse in a manner driven by mineral-
melt equilibrium within a temperature gradient, should also be apparent as isotopic gradients in a 
natural transect of differentiated rocks. A spreading center melt lens, with perhaps a near order of 
magnitude difference between the temperatures of freshly injected on-axis mafic melts and the 
hydrothermally cooled off-axis crust during crustal formation, provides one locality to test this 
hypothesis. Here, I suggest that plagiogranites, commonly found at the sheeted dike-gabbro 
boundary of most ophiolites, represent highly differentiated compositions produced in a steady 
state temperature gradient of a spreading center melt lens via thermal migration.   
 For this study, twelve samples were collected along a spatial transect from the uppermost 
plutonic gabbros, through a plagiogranite pod, and up to the basal sheeted dikes from the eastern 
side of the Troodos ophiolite, Cyprus (location near Agros). Major and trace element analysis and 
x-ray mapping were used to characterize the samples. Fe and Si isotopic ratios were measured by 
HR-MC-ICPMS. Results show both isotopic systems become heavier with increasing whole rock 
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SiO2 wt. % and with increasing distance from gabbros toward the sheeted dike contact. This 
observation is consistent with the prediction of isotopic zoning due to a temperature gradient effect. 
Models of Fe isotopic fractionation by fractional crystallization are not consistent with observed 
isotopic changes. Plagiogranites could thus reflect a common layer occurring at the sheeted dike-
gabbro contact reflecting this melt lens process. This differentiation process may also provide a 
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I. Introduction  
The formation of silicic igneous rocks from mantle-derived magmas constitutes an 
essential part of understanding the formation of early continents.  How a predominantly mafic 
magma differentiates to produce a silicic plutonic body still remains poorly understood, going back 
to before the work of Tuttle and Bowen (1958) on minimum melt systems of quartz and feldspar. 
The term plagiogranite is used to describe a leucocratic, low potassium, quartz diorite, 
trondhjemite, or tonalite. They often originate in ocean crust. Silica rich plagiogranite bodies in 
oceanic crust provide a modern day example of silicic plutonic rocks forming in an environment 
dominated by basaltic magmas. By studying plagiogranites, both modern and ancient, we can 
begin to understand the process by which felsic rocks form directly from basalt with possible 
application to how earliest continental crust formed. 
 New ideas about the processes of magma differentiation and silica enrichment have 
emerged from laboratory experiments combined with new techniques of isotopic analysis. 
Temperature gradient experiments involving wet silicate magmas show that an andesite with 4 wt. 
% water evolves to a granitic bulk composition at the cold end of the temperature gradient (at 350-
400°C; Huang et al., 2009), and a quenched glass at the hot end of the temperature gradient 
(~950°C). This differentiation process, termed thermal migration, reflects the compositional 
evolution controlled by phase equilibria in the K2O-Na2O-Al2O3-SiO2-H2O system that occurs 
when laboratory experiments, and potentially magmatic systems, maintain near steady state 
temperature gradients (Lundstrom, in review). Temperature gradient experiments also show 
pronounced non-traditional stable isotopic (NTSI) fractionation by thermal diffusion (Kyser et al., 
1998; Richter et al., 2008; Huang et al., 2010), providing a signature that could identify if 
temperature gradient-based magma differentiation occurred. Simple hard sphere models from 
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Lacks et al. (2012) suggest that temperature gradient-based isotopic changes are independent of 
the size of the thermal gradient and direction of chemical fluxes. Observationally, combined Si 
and Fe isotope ratio data for both a rhyolite to basaltic andesite volcanic suite and a leucogranite-
diorite intrusive suite have been used to suggest that thermal gradient based differentiation may 
occur in some settings (Zambardi et al., 2014).  Zambardi et al. (2014) show increasing δ30Si with 
SiO2 for these differentiation suites as well as a thermal migration experiment with the provocative 
suggestion that silica enrichment during differentiation reflects down temperature deposition of 
silica within magmatic system thermal gradients. 
Oceanic spreading centers may provide one the best places on Earth to test whether 
temperature gradient based differentiation processes play a role in silicic rock formation. A 
relatively thin (<100 m thick) axial melt lens of 1-2 km width occurs 2-3 km beneath the surface, 
which is presumed to be near the base of the sheeted dikes based on seismic imaging (Zhang et al., 
2014). This melt lens contains the only observed melt rich portion in a system that produces 7 km 
of ocean crust. Heat flow in the system reflects heat addition by new melt injected at or near to the 
ridge axis and heat loss through cooling at the top and sides of the melt lens with strong 
hydrothermal cooling possible along the axis parallel sides (Cherkoui et al., 2003). Assuming 
normal permeabilities, numeric models show that fast spreading ridges will be hydrothermally 
cooled from 1000°C to <600°C at the base of the oceanic crust between 5 and 8 km to the sides of 
the axis (Cherkoui et al., 2003); if melt arrives on the axis in a more or less steady rate, this 
configuration is likely to provide a near steady state temperature gradient horizontally across the 
melt lens from the center moving outward into older crust that may persist for millions of years as 
spreading occurs (Figure 1).  
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The purpose of this study is to test the hypothesis that horizontally oriented thermal 
gradients exist within the melt lenses of oceanic spreading centers and lead to temperature gradient 
based differentiation and formation of silicic plagiogranites found in ophiolites. Although silicic 
rocks are relatively rare in the oceanic realm, silicic volcanics are found erupted at some mid-
ocean ridge environments and plagiogranites are commonly found as pods at the gabbro-sheeted 
dike interface in ophiolite settings (Stakes and Taylor, 2003). Here, we investigate major and trace 
element variations as well as Si and Fe isotope variations in samples from a 700 m long transect 
within the Troodos ophiolite, Cyprus. The samples span the ophiolite section from the upper 
gabbros up through the diorites and plagiogranite pods, ending near the sheeted dike contact. A 
trend in NTSI spatially along the transect provides the evidence for differentiation by thermal 
migration. We propose that this phenomenon may play a major role in the formation of silicic 





II. Geologic Background  
A) Troodos ophiolite 
The Troodos ophiolite of Cyprus formed 90 million years ago based on U-Pb dating of 
zircons from plagiogranites (Mukasa and Ludden, 1987). During the Neogene, a large piece of 
ocean crust was obducted, forming the Troodos Massif (Robertson and Hudson, 1973). While the 
timing and mechanism of obduction is uncertain, the ophiolite is thought to reflect a back-arc 
spreading center (Metcalf and Shervais, 2008)—upon the initiation of a new subduction zone, a 
small extensional regime formed due to hinge rollback, forming new ocean crust in a back-arc 
basin. Investigations of the sheeted dike complex reveal a well-developed set of basaltic dikes that 
were likely the result of an intermediate to fast spreading ridge (Staudigel et al., 2000). In addition 
to the tholeiitic magmas, there are also lavas with strong negative anomalies in fluid immobile 
element (Ti, Ni, Cr, Zr, Hf, Nb, Ta, Y) and slight enrichment in elements which are fluid mobile 
(Rb, Ba, K). These lavas are classified as boninites and are indicative of a metasomatised source 
(Metcalf and Shervais, 2008). 
Obduction of Troodos resulted in forming a domed structure of the ophiolite layers with 
the ultramafic mantle in the center sequentially covered by lower gabbros, then upper gabbros, 
sheeted dikes and lavas as seen in Figure 2. Importantly, geologic maps show the occurrence of 
plagiogranites between the base of the sheeted dikes and the uppermost gabbros of the ophiolite. 
They are present as localize bodies or pods on the scale of 10’s to 100’s of meters. The contact 
with surrounding gabbros and the plagiogranites is sometimes gradational and sometimes sharp 
(Gillis and Roberts, 1999). Gillis and Coogan (2002) suggest the contact with the sheeted dikes is 
intrusive with xenoliths of hornfels indicating the dikes were being digested and lightly 
metamorphosed at high temperature and low pressure.  
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B) Plagiogranites in oceanic crust 
Views of mid-ocean ridge magmatic systems have changed considerably through the years 
driven largely by seismic observations. The most accepted model at least for fast spreading ridges 
consists of a hot plastic crystal mush zone (Zhang et al., 2014) with a seismically imageable, ~100-
200 m thick melt lens on top. How the melt lens corresponds to various ophiolite gabbros is not 
fully known but it can be assumed that shallow isotropic gabbros correspond to the gabbros last in 
contact with the melt lens (Figure 1). What is clear is that a small amount of pooled melt is imaged 
in the whole oceanic crustal system. 
Plagiogranites have lower density and slower seismic velocities than surrounding diorites 
and gabbros (Christensen, 1977). This feature means that these materials should be visible 
seismically if extensive or thick enough. The Troodos plagiogranite pods can vary up to 1 vertical 
kilometer from the dike/gabbro boundary but are highly non-uniform. Similarly oceanic drill cores 
over the last 2 decades have found plagiogranite-like materials occurring in the upper gabbros near 
the sheeted dike contact but sporadically and dike-like in distribution (Atlantis II, SWIR: Niu et 




III. Samples and Methods 
The preponderance of silicic plagiogranites and trondhjemites occurring at the contact 
between the sheeted dikes and the isotropic gabbros in Troodos provided target areas for our study.  
We collected 12 samples in a spatial transect running on top of a ridge on the eastern flanks of the 
Troodos mountains, near the village of Agros (Figure 3). This locality, just off of road E931, is 
described as stop 2.11 in Edwards (2010). An effort was made to collect a representative rock from 
every outcrop along the ~700 m distance between the sheeted dikes and isotropic gabbros.  GPS 
coordinates are given in Table 1 and sample locations are shown in Figure 3. The aim is for 
increasing distance of samples from gabbro out to plagiogranites toward the sheeted dikes to track 
the thermal gradient across the melt lens (a paleo-horizontal transect). This is actually poorly 
known as it could equally represent a paleo-vertical transect; in either case a pronounced thermal 
gradient should apply. Multiple samples were collected at sites 3 and 9 (samples CP-3N and CP-
9B) in an effort to characterize the more complex heterogeneity observed at these locations. In 
these two samples, there were inclusions of darker, mafic xenoliths composed of fine grained 
materials which are altered pieces of dike material. 1” round mounts were made of each sample 
and representative powders were made by hand grinding in agate while submersed in acetone. 
Major element compositional data were obtained using x-ray analysis of both bulk rock 
and individual mineral/x-ray mapping using the JEOL 840A Scanning Electron Microscope (SEM) 
equipped with a 4Pi analysis system at the University of Illinois at Urbana-Champaign. General 
conditions of analysis included a 10 na beam at 15 kV accelerating voltage. Mineral standards 
based EDS analysis included ZAF corrections using a system with 129 eV resolution.  To obtain 
bulk rock elemental data, glass beads were made by fusing powdered sample with lithium 
tetraborate in a 1:2 ratio, respectively. The mixture was then put in a graphite crucible and loaded 
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into a furnace at 1050C for 30 minutes.  The resulting glass bead was mounted into a 1” epoxy 
round mount.  The glasses were analyzed using 200 s count times at 10,000x magnification (Table 
1). In addition to bulk rock analysis, we obtained X-ray maps of loosely mounted polished whole 
rock chips of each sample.  
Trace element data were obtained using Magnetic Sector Inductively Coupled Plasma Mass 
Spectrometer (MS-ICPMS) (Finnigan Element) at the University of Florida. Samples dissolved 
using HF and nitric acid, brought to complete solution and introduced into the instrument as 1:2000 
dilutions (Table 1). Rock standards BCR-2 and W-1 were run to assess accuracy. Precisions on Sr, 
Rb, Zn are <2% and 2-5% for all other elements. 
Iron isotopic data were collected on a Nu Plasma High-Resolution (HR) Multi-Collector 
(MC) ICP-MS at the University of Illinois at Urbana-Champaign. ~300 mg of each powdered 
sample was dissolved with 1-2 mL of concentrated HF and ~0.2 mL concentrated nitric acid in 
Teflon beaker at ~150°C for 72 hours to create a large aliquot. The samples were then dried down 
with concentrated HNO3 to ensure all of the iron is present as ferric (Fe3+) iron. The samples were 
then brought up a final time in 8N HCl. Column chemistry involves isolating the iron atoms using 
anion-exchange resin AG1-X8 (Dauphas, 2004). An aliquot representing ~25 mg of rock solution 
was passed through the column. After purification and dry down, samples were brought up in 0.3 
M HNO3 for introduction to the DSN-100 desolvating nebulizer for analysis.  The samples were 
analyzed using a double spike method involving a 57Fe-58Fe double spike, with bracketing by 
alternating runs of IRMM-14. An in house standard, UIFe, was analyzed as well to verify accuracy 
of offset. Standard deviation for the 12 samples was on average 0.03 2σ on δ56Fe. δ56Fe for standard 
BCR-2 was 0.09‰ and for in house standard UIFe was 0.74‰. 
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Strontium isotope data were collected using the Nu Plasma HR-MC-ICPMS and a 
desolvating nebulizer, DSN-100, at the University of Illinois Urbana-Champaign. The samples 
were dissolved in concentrated HF and HNO3 and then put through Eichromm Sr spec resin to 
isolate strontium (Philip et al., 1992). After drying down, samples were brought back up in 0.3 M 
HNO3 for analysis. The samples are uncorrected to standard values. Estimated precision on 
87Sr/86Sr is 2σ = 0.00002. 
Silicon isotope ratios were measured following the methods of Zambardi et al., (2014) 
using the Neptune plus MCICPMS located in the Department of Geochemistry at the University 
of Science and Technology of China (Hefei). Precision for these analyses is estimated as 2SE = 





IV. Results  
Petrologically, samples range from standard coarse grained isotropic gabbros starting at 
the southern end of the transect (Edwards, 2010) to fine grained silicic plagiogranites at the north 
end of the transect (700 m down the ridge) prior to entering the sheeted dikes. One end member, 
the gabbro, (sample CP-12) contains 1-5 mm crystals of approximately 50% clinopyroxene, 40% 
plagioclase, and 10% other phases including 1-5 mm crystals of magnetite (~5%). There are no 
visible quartz grains within the gabbro sample.  
 Another endmember, Sample CP-3, is the plagiogranite sample most enriched in SiO2. 
The plagiogranite contains primarily 0.5-2 mm (>90%) subhedral plagioclase crystals (albite and 
anorthite) and ~5-7% subhedral quartz crystals. An x-ray phase map of sample CP-3 shows quartz 
crystals intergrown with plagioclase indicating a primary crystallization texture of quartz (Figure 
4).  Examining SEM phase map scans of a magnetite crystal we observe a crosshatch pattern of 
ilmenite crystals within it indicating slow cooling and late stage exsolution (Figure 4), which 
means the system was kept warm for an extended period of time, consistent with a steady state 
temperature gradient. There is total lack of any potassium phase in any of the plagiogranites, 
consistent with M-type granite classification. 
Samples in between these two endmembers show a gradation of rock types. Once in the 
plagiogranite unit (based on the map from Cyprus geological survey, Fig. 2), the rocks grade from 
isotropic gabbros, to a quartz diorite, containing far less mafic minerals (~20% mafics), and 
eventually to low potassium trondhjemites and tonalites which contain few mafic minerals (~5%-
10% mafics). 
The bulk major element compositions varied spatially across the transect. The gabbro 
sample (CP-12) has the lowest SiO2 content (44 wt. %) as well as the highest MgO content (14.3 
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wt. %). As distance from the gabbro boundary increases, SiO2 steadily increases (44 wt. % to 76 
wt. %) as MgO drops (14.3 wt % to <0.10 wt. %) (Figure 5).  The Na2O and CaO plots have 
opposite slopes (Figure 5). These data agree with the petrological observations above of abundant 
clinopyroxene in the gabbroic samples (CP-12) and albite in the high SiO2 plagiogranites (CP-1, 
CP-3).  
The trace element concentrations relative to NMORB indicate an overall depleted source 
but show pronounced spikes in Pb and Sr concentrations (Figure 6). The CP samples show a 
positive anomaly in Sr relative to elements of similar compatibility with a larger amplitude 
anomaly in samples with low SiO2 wt. % (Figure 7). Sr concentration in general increases 
systematically with increased distance from the gabbro boundary as well as increasing with 
increasing SiO2 concentration. (Figure 7, middle) 
87Sr/86Sr varies slightly in the transect (Figure 7) with an average value near 0.7058 but 
shows no systematic change with spatial position. Even the lowest value, 0.7052, is above the 
average composition of fresh glass samples from Troodos (0.7037); it is also below that of 
Cretaceous seawater (0.7073) (Bickle and Teagle, 1992) (Figure 7). 87Sr/86Sr is similar to that 
reported for Troodos plagiogranites and diorites by Bickle and Teagle (1992). 
 The iron isotope ratios generally increase with the SiO2 wt. % concentration of samples 
(Figure 8), consistent with the increase in δ56Fe seen globally with increased SiO2 (Lundstrom, 
2009). Similarly, silicon isotope ratios also increase with silica, as observed globally (Zambardi et 
al., 2014), although the number of samples limits the ability to clearly assess the function 
relationship with silica. The δ56Fe and δ30Si data also show systematic behavior with the spatial 
distance along the transect (Figure 9). The lightest δ56Fe value belongs to CP-12 (-0.01 ±.025‰), 
which is still in the gabbro section.  The heaviest δ56Fe value belongs to the sample farthest from 
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the gabbro contact, CP-3 (0.40 ± .025‰). As the distance increases from the mafic, gabbro contact, 
the δ56Fe and δ30Si values both generally increase.  The increase in distance correlates to moving 





A. SSZ Origins of Troodos samples 
The generally accepted model for the formation of the Troodos ophiolite is obduction of a 
supra-subduction zone slice of ocean crust (Metcalf and Shervais, 2008). Modern analysis of fluid 
mobile trace elements, such as strontium and its isotopes, give us this insight into the formation of 
Troodos. 87Sr/86Sr is commonly used to evaluate magmatic source variations. Unaltered magmatic 
glasses from Bickel and Teagle (1992) show an 87Sr/86Sr of 0.7037, much higher than the value of 
average N-MORB, 0.7027. This suggests the introduction of radiogenic seawater component 
sourced in the subducting slab.  
Trace element patterns of samples from Troodos are also consistent with a slab signature 
with strong spikes in LILE such as Sr and Pb and low HFSE such as Hf and Zr (Metcalf and 
Shervais, 2008). This reinforces the assumption that the ophiolite was formed as a result of a supra-
subduction zone. Samples from Troodos analyzed in Pearce et al. (1984) show similar low HFSE 
and high LILE as observed in this study (Figure 6). These findings in the Troodos samples agree 
with the literary consensus that both the Troodos formed within a supra-subduction zone obduction 
event during the opening of the Tethys Ocean around 90 Ma. 
Strontium isotope ratios can also be used to identify hydrothermal alteration. These new 
87Sr/86Sr as well as data from Kay and Senechal (1976) indicate elevated 87Sr/86Sr compared with 
Troodos volcanic glasses (0.7037 Bickel and Teagle, 1992) which could reflect addition of 
seawater component during hydrothermal alteration. The data fall directly in between the 
magmatic values and the seawater values, likely suggesting introduction of some seawater 
component during the plagiogranite formation process. The fact that these samples are elevated 
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may provide evidence that fluids circulating within the plagiogranite magmatic system had a 
seawater component—this is consistent with the elevated Cl contents observed in silicic volcanic 
rocks from ridge settings (Wanless et al., 2010). However an important observation is that 87Sr/86Sr 
varies only slightly and non-systematically across the transect, with the majority of samples 
landing between 0.7055 and 0.7060 (Figure 7). If increasing hydrothermal alteration controlled the 
geochemical trends in the transect, we would expect the more siliceous samples to contain higher 
87Sr/86Sr because of the infiltration of higher 87Sr/86Sr seawater. This means that Fe and Si isotope 
changes are unlikely to reflect hydrothermal alteration. This is further reinforced by the fact that 
the amount of dissolved iron and silicon within the seawater is negligible. Therefore we can safely 
assume that the δ56Fe and δ30Si variations observed and discussed in this paper are process driven 
instead of being driven by the alteration of seawater.   
 
B. Origins of high SiO2 rocks in MOR setting 
Traditionally, the formation of silicic igneous rocks in the oceanic lithosphere has been 
explained one of two ways, either with extended fractional crystallization of basaltic melt or partial 
melting of altered ocean crust or some combination of these two (AFC). There are many 
complications to this general view, however. To form magmas with > 75 wt. % SiO2 through 
fractional crystallization/partial melting of basalt generally requires an F of 0.90-0.95 (F=fraction 
of solid; Dixon and Rutherford, 1979). For instance, experiments that varied basaltic melt fraction 
only produced a plagiogranite liquid when two immiscible melts formed at 1010°C, <1 atm and 
F=0.95  (Dixon and Rutherford, 1979). Both fractional crystallization and partial melting models 
involve mechanically separating melt from phases free of silica, predominantly magnetite to drive 
up the silica content of the melt. 
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Recently, an alternative mechanism of magma differentiation leading to silica enrichment 
has been proposed, wet thermal migration (Huang et al., 2009; Lundstrom, 2009). A process 
involving differentiation along a temperature gradient is often dismissed because heat diffusion is 
a much faster than mass diffusion (Bowen, 1921, Lesher and Walker, 1988); in other words, within 
a single intrusion event, magmas will cool faster than any mass diffusion could occur. However, 
in environments such as an active mid-ocean ridge melt lens where continuous influx of fresh melt 
supplies heat, a steady state temperature gradient can be maintained. This “open system” process 
allows for decoupling of heat flow from mass flow, allowing thermal migration to play a role in 
differentiation of the melt lens.  
Thermal migration has been observed in basaltic composition experiments, forming 
layering of CPX, Fe oxides and plagioclase as a function of temperature (Lesher and Walker, 
1988). However, these experiments were nominally anhydrous and lowest temperatures were still 
>1000°C resulting in no silica enrichment. Water bearing experiments where the temperature at 
the cold end is 350°C produce quartz and granite at the cold end (Huang et al., 2009; Bindeman et 
al., 1998) The mechanism for transport medium of elements through the low temperature end of 
these experiments is thought to be a small amount of connected intergranular peralkaline melt 
(Lundstrom, in review) acting as pathway for thermal migration of materials along the temperature 
gradient. This implies that large volumes of fractionated felsic melt never exist. 
Typical diffusivities in a silicate melt at 1200°C are 1 x10-6 cm2/s. Thus over a 1 Ma time 
scale, the length scale is   = 2√  		 or ~60 m, much less than the typical width of the melt lens (2 
km).  However, the melt lens is really a mineral-melt mush where the minerals are moving away 
from the axis at the plate accretion rate (mm/yr rates). Thus while diffusion limits  the scale of 
differentiation by thermal migration within the melt lens, the crystals are exposed to the process 
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for much longer times with the key aspect being that diffusion length scales are similar to the 
advection length scale. However, because of the millimeter per year spreading motion of a mid 
ocean ridge system, the differentiating crystal mush pile is constantly moving off axis, exchanging 
with the melt the whole time. Thus, despite crystals moving off axis, the location of high 
temperature mineral saturation (eg. olivine) remains near the axis, while lower temperature 
minerals correspondingly form farther out along the melt lens. This horizontal process is analogous 
to the top down differentiation and isotopic prediction given for granitoids and layered mafic 
intrusions (Lundstrom 2009, Lundstrom et al. 2011).  
 The transect shows a systematically increasing silica content from typical isotropic gabbros 
(~50% SiO2 and 12% FeO) to highly siliceous (>72% SiO2) plagiogranite. As the transect 
progresses away from the gabbro (CP-12), the rocks get progressively more SiO2 rich and MgO 
and FeO poor (Figure 5). Similarly, incompatible trace element abundances increase from the 
mafic gabbro sample (CP-12) to the felsic samples (CP-1 and CP-3) (Figure 6). CP-12 is 
clinopyroxene rich and CPX modes decrease down the transect; elements such as Li and Sc that 
are compatible in CPX decrease away from the gabbro down transect (Table 1). As albite content 
of plagioclase increases with increasing distance from the gabbro contact, the partition coefficient 
of Sr should increase, consistent with the observed Sr concentration increase observed. These 
elemental variations argue for mineral melt equilibrium during trace element partitioning during 






C. The origin of Fe and Si isotopic variations in Troodos 
Before the advent of the high resolution mass spectrometer, it was thought that there would 
be no fractionation of stable metal isotopes at magmatic temperatures as equilibrium fractionation 
scales with 1/T2 (Schauble, 2004). With advances in mass spectrometry over the past decade, we 
are now able to resolve the very small isotopic ratio differences that occur in several stable metal 
isotope systems in magmatic settings. The silicon and iron isotope systems are examples of this 
with both elements playing critical roles in the formation of igneous rock differentiation trends. 
Thus, identifying the processes which produce these ratio variations is crucial.   
There are generally four accepted models for fractionating iron isotopes in igneous rocks: 
fractional crystallization, late stage fluid exsolution, crustal contamination, and thermal diffusion. 
For the purposes of this study we can rule out two of the above. Because this is a mid ocean ridge 
setting, crustal contamination will not be discussed. Also, removal of an exsolved late stage fluid 
can be ruled out as these are fairly dry mid ocean ridge basalts. Therefore, in this paper we consider 
only two methods for iron and silicon isotope fractionation: fractional crystallization and thermal 
diffusion.  
(a) Fractional crystallization and partial melting (anatexis) 
  With the observation of non-traditional stable isotope ratios varying with differentiation 
index (silica content), several workers have attributed these variations to fractional crystallization 
(Schuessler et al., 2009; Schoenberg and von Blanckenberg, 2006). Simple removal of an iron rich 
phase, such as magnetite can be modeled isotopically as a Rayleigh distillation curve (Figure 10). 
Magnetite, as the major Fe+3 phase in magmas, provides the largest beta factors, implying that it 
will incorporate heavy isotopes preferentially to other phases during crystallization (Polyakov and 
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Mineev, 2000) Thus, because crystallization of magnetite can singlehandedly drive up SiO2 wt. %, 
and affects the isotopic evolution, several works have measured magnetite isotope fractionation. 
Shahar et al., (2008) measured the iron isotopic partitioning between magnetite and fayalite finding 
that magnetite preferentially incorporates heavy isotopes, consistent with theory. Furthermore, 
more direct measurements of magnetite melt partitioning show that magnetite is heavier than 
coexisting silicic melt (Bilenker et al., submitted). It has also been shown that mineral separates 
of magnetite crystals from granites show heavy iron isotope values relative to other phases 
(Heimann et al., 2008). Using Shahar’s (2008) mineral-melt fractionation factor, we can estimate 
that the crystallization of magnetite will cause the Fe isotopic ratio in the parent melt to decrease 
with increase in SiO2 (Figure 10). This is the opposite of the trend observed in our data, which is 
toward a higher δ56Fe with increased SiO2.  
The process of partial melting shares the same constraints on isotopic fractionation, 
producing similar results. Slowly raising the temperature on a rock will cause the felsic phases, 
such as feldspars and quartz, to melt out first. As the temperature rises, the felsic phases are 
incorporated into the melt and the magnetite and other mafic phases remain as residual crystalline 
phases. Again, due to the signature predicted by the partitioning of heavy iron into the magnetite 
crystals, this would suggest that the felsic melts will be isotopically light, opposite to observed 
trend. The Rayleigh model thus applies to either partial melting or fractional crystallization. 
Silicon isotopes also vary systematically in the transect and place constraints on 
fractionation processes. Despite silicon having a single valence state and not being controlled by 
redox processes, we still observe similar isotopic variations to Fe. Few constraints on measured 
fractionation factors exist at present; however, because Si coordination in all minerals in the crust 
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is the same, bonding differences are small and inferred fractionation can be assumed to be small, 
relative to the case of Fe where valence differences lead to large differences in fractionation.  
(b) Temperature Gradient differentiation of stable isotopes 
As opposed to equilibrium fractionation, isotopic fractionation can also reflect a kinetic 
process. A fluid placed in a temperature gradient undergoes an isotopic fractionation by thermal 
diffusion (Kyser et al. 1998). Notably, both fluid and coexisting crystals record the signature of 
thermal diffusion arguing for a mechanical process that is not effected by bond strength (Lacks et 
al. 2012). Lundstrom (2009) suggests isotopic variations in magmatic environments reflect thermal 
diffusion occurring as differentiation proceeds in a temperature gradient. Every measured isotope 
system (Fe, Si, Mg, Li, O, H, U, and Ca) behaves in a similar manner with heavy isotopes enriched 
at the gradient’s cold end. The magnitude of fractionation seems to be dictated simply by atomic 
mass and temperature offset and appears to be completely independent of absolute temperature 
(Huang et al., 2009, Lacks et al., 2012, Richter et al., 2008). These findings mirror the work of 
Kyser et al. (1998), who showed heavy oxygen isotope variations up to 8‰ in magmatic liquids.  
According to both experiments and molecular dynamics simulations of Lacks et al. (2012), 
we should expect an isotopic fractionation any time a melt is placed within a sustained temperature 
gradient. The cause of the fractionation, according to Lacks et al. (2012), is purely mass based, 
reflecting momentum differences of each isotope. That is, a single heavy isotope vibrates with 
more momentum at a given temperature relative to a light isotope. A heavy isotope diffusively 
hopping to lower temperature has enough momentum to exchange places with a light isotope, thus 
enriching heavy isotopes at the colder end of the temperature gradient. In effect, the process simply 
reflects isotopic sorting. 
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Numerous recent works examining isotope ratios in natural samples have found the critical 
link between isotopic variation of iron and silicon and whole rock SiO2 wt. % (Poitrasson and 
Freydier, 2005; Zambardi et al., 2014). This provides a reasonable and testable hypothesis for wet 
thermal migration within a steady state temperature gradient environment. However, 
correspondence between the isotopic value and SiO2 wt. % from random sample locations does 
not provide evidence for the mechanism responsible for this fractionation. Testing of variation in 
spatially controlled samples provides a better test of isotopic origin. For instance, there is no simple 
explanation for why fractional crystallization (and the inference that it dictates isotopic 
fractionation) would be spatially controlled. 
The data show systematic increases in the δ56Fe and δ30Si with spatial position from the 
gabbro contact to the sheeted dike contact, which we argue is consistent with the expected thermal 
gradient within the melt lens. In the case of Troodos, we observe an Fe isotopic fractionation of 
~0.4‰ over the distance of ~700 m in a manner that is consistent with expectations of temperature 
gradient driven thermal diffusion. The heavy isotopes are preferentially enriched on the “cold” and 
felsic side and the light isotopes enriched in the “hotter” and more gabbro side (Figure 9). The 
samples from near the gabbro contact have δ56Fe values hovering between 0‰ and 0.05‰ which 
is near the mean mafic earth bulk value of 0.09‰ (Beard et al., 2004). Near the dike contact, the 
δ56Fe values are enriched to between 0.25‰ (±0.025‰ 2σ) and 0.4‰ (±.025‰ 2σ) which is 
significantly heavier and represents the heaviest sample of the transect.  
As the samples move farther away from the hot end of the gradient, the δ30Si value also 
increases (Figure 9). The “hot” side is -0.34‰ (±.03‰ 2σ) and increases to the “cold” side value 
between -0.2‰ and -0.15‰ (±.03‰ 2σ). Mean mafic earth in δ30Si is -0.25 (Savage et al. 2011). 
Unlike FeO which decreases during differentiation, the SiO2 wt. % increases with differentiation. 
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Thus despite Si and Fe having opposite chemical behaviors during differentiation, both isotope 
ratios increase with differentiation, consistent with predictions of a temperature gradient based 
effect. 
Both systems agree with what we would expect if there is thermal diffusion through a 
steady state temperature gradient within the melt lens. The isotopes diffuse and sort rapidly within 
the liquid melt lens based on temperature gradients, and then react and exchange with the 
underlying crystal mush pile which slowly moves off axis. With the conveyor belt-like motion of 
mid ocean ridges in mind, isotopic signatures of thermal diffusion, occurring in the melt, are 
recorded in the crystals becoming isotopically heavier with increasing distance from the hot center. 
This provides an isotope fractionation of an entirely kinetic nature (Lacks et al., 2012) that occurs 
within a crystal mush. 
 
D. Creation of a plagiogranite via thermal migration 
Traditionally, formation of silicic rocks in an oceanic setting has been attributed to partial 
melting of altered gabbros in tandem with extended fractional crystallization. The presumed 
parental MORB contains ~11 wt. % FeO and ~50 wt. % SiO2. MELTS Models by Wanless et al. 
(2011) for silicic oceanic extrusive rocks show that even with >85% fractional crystallization, it is 
impossible to achieve the observed concentrations in trace elements with fractional crystallization. 
Instead we propose the primary method for the formation of these plagiogranites is a steady 
state horizontal thermal gradient in the melt lens leading to differentiation by thermal migration. 
When relating these ideas to a mid-ocean ridge spreading center, it is helpful to visualize the 
formation of a silicic pluton via multiple sill injection of the top down thermal migration zone 
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refining described in Lundstrom (2009). In Lundstrom’s model, injections of meter scale sills are 
injected in a top down fashion forming the pluton incrementally. Works by Glazner (2004) show 
emplacing plutons in this fashion agrees with the relative ages between the inside and outside 
portions of plutons. A steady state temperature gradient should exist in a mid ocean ridge 
environment, albeit in a horizontal rather than vertical sense. In the melt lens, the injection of fresh 
hot magmas in the center provides the necessary replenishing heat source. As the ridge spreads, 
the outer edges of the melt lens and associated gabbros move farther away from the central heat 
source.  This provides a steady state temperature gradient extending perhaps a kilometer away in 
off axis direction. Throughout the melt lens the underlying crystal mush pile is constantly reacting 
and equilibrating, which leads to differentiation by thermal migration and precipitation of silica 
rich phases (quartz, albite) down temperature. This model agrees very well with the spatially 
controlled major and trace element data collected from the Troodos transect. As seen in Figure 5, 
the increase in SiO2 away from the hotter gabbros and toward the cold end’s “sink” is consistent 
with prediction.  
Even more compelling are the δ56Fe iron isotope data (Figure 9) which show a very 
convincing trend of heavier iron isotopes with distance from the gabbroic end. The heavy δ56Fe of 
the plagiogranites, enriched in heavy isotopes compared to mean mafic earth values (Beard and 
Johnson, 2004), cannot be produced by fractional crystallization. The fact that Si isotopes also 






E. The pervasiveness of plagiogranite and its connection with oceanic silicic eruptives 
 Plagiogranite bodies are common in many ophiolites including Troodos and Oman (Grimes 
et al., 2013) occurring at the sheeted dikes-gabbro boundary. However, until recently, they were 
rarely observed at a MOR.  Recent drill cores from holes 735B (Atlantis II, SWIR Niu et al., 2001); 
1256D (Cocos plate, EPR, Wilson et al., 2006) and U1309 (Atlantis Massif 30°N MAR, Godard 
et al., 2009) show silicic bodies and veins occurring in upper gabbros near the sheeted dike contact. 
An ROV mission to a MAR oceanic core complex near 5°10’S has also found oceanic 
plagiogranite pods on the same contact (Silantyev et al., 2014). This indicates that silicic rocks are 
an integral part of modern oceanic crust forming a more or less pervasive layer at the sheeted dike-
upper gabbro boundary. However they are rarely observed because they generally are not erupted 
but passively emplaced, suggesting a more viscous crystal mush as opposed to a buoyant melt. 
Notably, the few silicic eruptives that are observed in the ridge setting all are tied to input 
of new presumably mafic magma into an area of older crust. Three discussed here are the Blanco 
transform zone Wanless et al., 2010, the Galapagos spreading center (Byerly, 1980), and the 
9.03°N EPR ridge (Wanless et al., 2010). The Blanco transform zone, near 44°27’N on the EPR, 
contains two domes of silicic andesites and dacites at a ridge transform intersection where the axial 
ridge is expected to propagate into older oceanic crust (Wanless et al., 2010). The eastern end of 
the Galapagos spreading center, west of the Galapagos Islands, contains curved ridges which are 
presumed to be extinct overlapping spreading centers. Silicic eruptives here are observed off axis 
in the southern portion of the OSC (Byerly, 1980).  The 9.03°N EPR ridge  is located between the 
Clipperton and Siqueiros transform faults and is an overlapping spreading center. Here cores and 
dredging have found highly siliceous dacites and FeTi basalts (Langmuir et al., 1986, Wanless et 
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al., 2010). All of these environments where we find the siliceous eruptive occur in places where 
the new ridge rifts open older crust, possibly partially remelting parts of it as the ridge spreads. 
Recent work on oceanic rhyodacite suites from MOR environments indicates difficulties 
in either fractional crystallization or partial melting/assimilation explanations for observed 
elemental systematics (Wanless et al., 2010). For instance to match trace element patterns of 
erupted dacites, >75% fractional crystallization of MORB, and 5-20% assimilation of 
hydrothermally altered crust is required (Wanless et al., 2010). While there are distinct differences 
between plagiogranites and these erupted silicic volcanics in terms of some trace elements, the 
origins of plagiogranites remain equally enigmatic and as we argue, the petrogenesis of 
plagiogranites and silicic volcanics may be related. We suggest that these dacites may be melting 
of the previously existing silicic plagiogranite bodies present in all oceanic crust. 
Trace element data for the 9°N OSC silicic eruptives from Wanless et al. (2012) show 
similar, perhaps complementary, patterns compared to data collected from the Troodos 
plagiogranites.  Figure 6 shows the data plotted together. Note the similarities in overall line slopes 
and complementary (opposite direction) of Sr spikes with the erupted rocks being enriched relative 
to the plagiogranites.  Because of the incompatibility of these elements, we suggest that partial 
melting of plagiogranite bodies forming residual plagioclase explains the relationship. The Sr 
content provide evidence for this as it is a large positive anomaly in the intrusive rocks and a large 
negative anomaly in the extrusive rocks. This is thought to be due to the relatively large partition 
coefficient of Sr into plagioclase crystals (Bindeman et al., 1998) making it generally compatible 




F. Relating plagiogranites to Archean rocks 
Perhaps it is no coincidence that the average composition of silicic Archean plutonic rocks 
(TTG suites) most resembles the tonalities and trondhjemites of modern plagiogranites. The 
sample evidence from the ODP that plagiogranites are commonly found in all of today’s oceans 
and in nearly all of the world’s ophiolite systems has implications for early earth too. We have 
shown that differentiation from normal ophiolite gabbros into highly differentiated silicic rocks 
appears to occur by thermal migration inferred to reflect a steady state temperature gradient in the 
melt lens. Charles Lyell elegantly phrased “the present is the key to the past”. If these processes 
can occur in today’s oceans then it stands to reason that this process could have occurred in early 







 In this study I have presented bulk and trace elemental data as well as iron, strontium and 
silicon isotope data for a spatial transect that includes plagiogranite bodies in the Troodos 
Ophiolite. These data are part of the first study to investigate the hypothesis that silicic oceanic 
plagiogranites are produced as part of a laterally extending thermal gradient in the melt lens of a 
spreading center. A steady state temperature gradient, reflecting the injection of hot magma near 
the ridge axis and cooling off axis, leads to differentiation by thermal migration of elements in 
following control by mineral-melt equilibrium. An isotopic gradient reflecting thermal diffusion 
is predicted by the model, which is tested through Fe and Si isotopic analyses within the spatial 
transect. 
The results show a clear trend of increasing δ56Fe, from 0‰ to 0.4‰ with increasing SiO2 
wt. %, as well as a clear increase with spatial position away from isotropic gabbros in Troodos. 
The iron isotope data also show an increase in heavy ratios spatially increasing distance along the 
700m transect from the gabbro/plagiogranite contact toward the plagiogranite/dike contact. The 
previously proposed Rayleigh distillation model of assimilation/fractional crystallization can 
conceivably explain the compositional data, but falls short when trying to explain the isotopic 
trends. We conclude that the systematic isotopic trends observed in the plagiogranite section of 
the Troodos Ophiolite are due to a naturally imposed temperature gradient that leads to 
compositional differentiation of the mineral-melt mush. The proposed location of formation is also 
consistent with the location of plagiogranites found in both oceanic drilling projects and ophiolites 









Figure 1 A diagram of a spreading center shows the inferred locations of plagiogranite bodies with respect 
to the system. Hot melt buoyantly rises forming a meter scale (100-200m) thick melt lens that extends 
laterally hundreds of meters to kilometers away from the axis. As the melt lens becomes farther away from 
the heat source it begins to lose heat more readily and cools.  The plagiogranite pods are observed to form 





Figure 2 This geologic map of Cyprus highlights the Troodos Massif. Shown are the pink units which 
represent the sheeted dikes, while the olive color represent the intrusive gabbros. The primary focus of 
this study is the brown plagiogranite which closely follows the contact between the dikes and gabbros. 
The dome structure exposes these contacts all the way down to the mantle materials (dark green) beneath 




Figure 3 Geologic map of the study area (located NE of Agros and just west of Fterikoudi, Cyprus). Lower 
left at sample 12 indicates beginning of transect away from “normal” gabbros into a plagiogranite pod. The 
transect lies along a small path on a ridgeline and extends approximately 700m. (stop 2.1 described in 
Edwards et al. 2010) The samples were collected from outcrops visible along the path. The mapped 
plagiogranite unit, instead of being a continuous body, it contains a gradation from gabbros into finer 
grained gabbros into progressively more felsic plagiogranite pods as the contact with the sheeted dike unit 








Figure 4 X-ray maps of sample CP-3 show relative wt. % of SiO2, TiO2, and FeO content. The intensity of 
color is indicative of the concentration of Si, Ti and Fe. Silicon map shows abundant subhedral quartz grains 
on the right of the image (yellow circle) showing the silicic nature of these rocks. While the Fe and Ti maps 
show magnetite crystals exhibiting an exsolution of Ti rich blades of ilmenite, indicating slow cooling and 














Figure 6 Extended trace element diagram for 12 Cyprus samples normalized to primitive MORB values 
from Sun and McDonough, 1989. The gabbro CP-12 sample makes up the most depleted sample. Generally, 
samples become more enriched in trace elements with increasing distance from the gabbro boundary. There 
are two large positive anomalies, one in Pb and one in Sr, and a smaller one in U. The supra-subduction 
zone signature can be seen by the relative enrichment in large ion lithophile elements (Sr, Rb, Ba, Pb) and 
depletion of the high field strength elements (Nb, Zr, Hf). Data for erupted dacite and rhyolites from the 






Figure 7 The top figure shows the 87Sr/86Sr vs the distance away from the gabbro boundary. Note the total 
change in the values is very small suggesting that trends in Fe and Si isotope systems do not reflect 
progressive degrees of alteration. The middle figure shows the Sr concentration vs the spatial position. It is 
thought to reflect the increase of the partition coefficient of Sr into plagioclase relative to melt as the albite 
content of plagioclase increases. The bottom figure shows the 87Sr/86Sr vs the Sr concentration plotted with 





Figure 8 This graph shows the iron isotope ratio of the Troodos samples vs. the silica content. This graph 
shows a systematic increase in δ56Fe ratio with increasing silica wt. %. The grey area are the approximate 
range of values  from previous studies including Gajos 2014, Kehoe 2014, Heimann et al. 2008, and 
Schoenberg and von Blackenburg 2005. The data array is consistent with wet thermal migration effect 
causing formation of silicic rocks as well as isotopic enrichment of the heavy isotopes to migrate toward 







Figure 9 The top graph shows the δ56Fe vs the distance from the gabbroic section (CP-12). δ56Fe increases 
with  increasing distance  from the gabbro, hypothesized to be the hot, mafic end of the thermal gradient. 
The only gabbro sample also contains the lightest signals (-.01‰) Therefor this graph is consistent with the 
thermal migration hypothesis. The bottom graph shows the silicon isotopic value increasing as the samples 
get farther away from gabbro boundary. Similarly to the δ56Fe, the overall lightest sample is the single 































Figure 10 The graph shows δ56Fe vs fraction of iron remaining. Rayleigh fractionation curves for 
crystallization of magnetite and removal of iron were calculated using the formula ε= 1000(lnα). The FeO 
is normalized by FeOi, the presumed initial FeO wt. % (the FeO of the gabbro sample.  Different ε for 56Fe 
are plotted with the calculated data. The grey line shows the fractionation due to a calculated ε for removal 
of iron via magnetite crystallization from Shahar et al. 2008. Note that the calculation shows a trend 





Table 1 Major element, trace element, and isotopic data for Fe and Sr of the 12 Troodos samples. 
  Oxides are given in wt. % and trace elements are given in ppm   
              
  CP1 CP2 CP3 CP4 CP5 CP6 
Distance from CP-12 along transect (m) 
  528 517 692 617 500 485 
SiO2 74.80 52.93 75.40 76.62 60.63 71.40 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 14.07 18.38 12.62 12.60 16.23 16.24 
FeO 1.12 6.63 3.67 2.56 8.61 0.74 
MgO 0.02 8.07 0.05 0.00 2.40 0.74 
CaO 2.49 11.61 3.98 2.26 6.47 3.02 
Na2O 6.41 1.13 3.24 4.33 4.04 5.79 
K2O 0.98 1.23 0.86 1.22 0.73 1.63 
P2O5 0.003 0.000 0.026 0.000 0.000 0.014 
δ56Fe 0.26 -0.01 0.40 0.30 0.11 0.26 
δ87Sr 0.705373 0.705454 0.706088 0.705567 0.704934 0.705359 
δ29Si -0.103     -0.059     
δ30Si -0.229     -0.148     
Li 0.912 0.705 0.868 0.896 0.511 2.64 
Sc 19.9 51.5 20.6 19.6 32.6 32.9 
V 19.4 195 17.7 6.2 330 68.8 
Cr 2.80 19.4 2.01 3.88 3.10 2.73 
Co 3.90 54.2 6.14 5.66 24.9 4.17 
Ni 5.86 68.0 4.67 5.02 10.1 7.78 
Cu 13.7 16.6 5.89 14.1 6.10 11.0 
Zn 13.4 33.7 15.5 14.8 16.3 9.72 
Ga 16.3 15.5 12.9 14.1 19.9 18.2 
Rb 0.759 1.52 1.48 1.49 1.44 2.37 
Sr 109 85.6 127 115 128 125 
Y 43.0 7.75 25.3 39.8 34.5 42.9 
Zr 30.4 4.50 17.3 39.3 20.3 20.3 
Nb 2.72 0.34 1.65 2.95 1.37 2.30 
Cs 0.137 0.064 0.073 0.071 0.067 0.207 
Ba 27.0 10.3 18.9 18.6 9.28 19.2 
La 2.71 0.306 1.18 1.79 2.69 3.32 
Ce 7.74 0.706 2.98 4.75 7.47 8.47 
Pr 1.38 0.130 0.540 0.904 1.33 1.54 
Nd 8.21 0.770 3.20 5.50 7.64 8.62 
Sm 3.33 0.410 1.52 2.44 2.91 3.35 
Eu 1.06 0.217 0.677 0.771 1.00 1.04 
Gd 4.93 0.713 2.60 3.91 4.22 4.79 
Tb 0.987 0.156 0.547 0.818 0.831 0.979 
Dy 6.68 1.15 3.79 5.96 5.51 6.73 
Ho 1.49 0.280 0.869 1.37 1.20 1.50 
Er 4.43 0.856 2.62 4.18 3.56 4.58 
Tm 0.691 0.143 0.413 0.678 0.547 0.720 
Yb 4.50 0.971 2.76 4.48 3.48 4.65 
Lu 0.637 0.153 0.438 0.652 0.520 0.667 
Hf 1.26 0.208 0.758 1.58 0.987 0.931 
Ta 0.170 0.032 0.122 0.210 0.092 0.135 
Pb 0.979 0.381 1.079 0.570 0.361 0.625 
Th 0.388 0.040 0.179 0.320 0.295 0.405 




Table 1    continued           
 CP7 CP8 CP9 CP10 CP11 CP12 
Distance from CP-12 along transect (m) 
  414 286 245 85.6 36.4 0 
SiO2 67.66 71.05 70.39 66.65 54.21 44.70 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 13.56 12.55 12.40 13.16 15.51 13.63 
FeO 6.43 6.97 7.99 8.53 13.41 11.38 
MgO 1.00 0.13 0.18 0.95 4.36 14.25 
CaO 2.68 1.61 2.53 2.60 6.82 13.23 
Na2O 6.29 6.17 5.04 6.24 3.64 1.04 
K2O 2.00 1.10 1.26 1.58 1.46 1.63 
P2O5 0.006 0.232 0.058 0.024 0.032 0.048 
δ56Fe 0.10 0.03 0.07 0.04 0.01 -0.01 
δ87Sr 0.705945 0.706219 0.706010 0.705850 0.705966 0.706020 
δ29Si -0.061   -0.092 -0.084   -0.169 
δ30Si -0.149   -0.192 -0.206   -0.345 
Li 2.64 1.58 1.66 2.27 4.08 2.78 
Sc 38.2 28.8 32.6 32.0 72.9 51.6 
V 72.6 7.11 8.37 13.0 217 262 
Cr 2.62 1.94 1.77 2.18 2.08 11.8 
Co 18.5 13.0 13.7 17.4 48.9 52.0 
Ni 4.46 3.83 3.71 4.06 4.34 52.8 
Cu 27.0 18.9 5.37 8.05 23.5 116 
Zn 62.2 75.1 84.8 66.5 121 39.2 
Ga 15.4 14.4 16.1 15.9 16.8 9.72 
Rb 0.466 0.607 0.395 0.191 2.25 1.31 
Sr 91.6 81.5 92.5 67.0 73.3 51.2 
Y 29.9 48.6 35.4 42.1 17.5 6.13 
Zr 27.2 36.7 30.5 26.1 11.4 2.86 
Nb 1.14 1.32 1.16 1.95 0.534 0.155 
Cs 0.263 0.042 0.037 0.052 0.031 0.041 
Ba 5.26 7.35 5.81 4.47 16.4 3.61 
La 1.18 1.45 1.10 2.13 0.447 0.172 
Ce 2.90 3.81 3.20 5.81 1.23 0.363 
Pr 0.586 0.754 0.615 1.05 0.243 0.083 
Nd 3.67 4.87 3.85 6.56 1.56 0.534 
Sm 1.83 2.49 1.98 2.90 0.851 0.300 
Eu 0.658 0.746 0.720 0.671 0.385 0.138 
Gd 3.03 4.42 3.38 4.77 1.56 0.558 
Tb 0.650 0.954 0.733 0.978 0.356 0.130 
Dy 4.71 6.89 5.32 6.79 2.65 0.917 
Ho 1.06 1.60 1.24 1.53 0.625 0.225 
Er 3.27 4.90 3.87 4.66 1.95 0.683 
Tm 0.538 0.790 0.635 0.706 0.317 0.111 
Yb 3.63 5.18 4.38 4.51 2.18 0.785 
Lu 0.554 0.788 0.672 0.663 0.347 0.125 
Hf 1.21 1.59 1.32 1.19 0.523 0.161 
Ta 0.072 0.089 0.077 0.078 0.031 0.010 
Pb 0.665 0.711 1.146 0.659 0.602 0.921 
Th 0.185 0.211 0.202 0.206 0.071 0.023 
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